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We report on the laser-driven generation of purely neutral, relativistic electron-positron pair
plasmas. The overall charge neutrality, high average Lorentz factor (γe/p ≈ 15), small divergence
(θe/p ≈ 10 − 20 mrad), and high density (ne/p ' 1015cm−3) of these plasmas open the pathway
for the experimental study of the dynamics of this exotic state of matter, in regimes that are of
relevance to electron-positron astrophysical plasmas.
Electron-positron pair plasmas are created in the ex-
treme atmospheres of black-holes [1] and pulsars [2], and
ejected in the form of ultra-relativistic winds or jets [3, 4].
These energetic outflows are unique natural laboratories,
that are used to probe the distant high-energy Universe,
and test the fundamental laws of physics at its limits
[5–7]. Due to the equal mobility of the negative (elec-
tron) and positive (positron) species, the microphysics
involved in the dynamics of an electron-positron plasma
is fundamentally different from that of an electron-ion
plasma. For instance, electron-positron plasmas cannot
support acoustic or drift waves [8], and present different
growth rates for a series of kinetic and fluid instabili-
ties, which include Weibel instability and filamentation
[9, 10]. These instabilities are believed to play a central
role in the dynamics of electron-positron astrophysical
jets, including energy dissipation and gamma-ray gener-
ation [11, 12]. However, the scale, amplitude, and persis-
tence of the associated fields remain unclear and they are
still the subject of fervent debate within the astrophysical
community [13, 14].
Experimental validation of the theoretical models, rou-
tinely employed in interpreting astrophysical observa-
tions, is still lacking, due to the non-trivial task of pro-
ducing a neutral electron-positron pair plasma in the lab-
oratory. In this respect, different methods have been pro-
posed. In large-scale conventional accelerators, the possi-
bility of recombining high-quality electron and positron
beams via magnetic chicanes [9] is envisaged. An al-
ternative approach is foreseen in confining low-energy
positrons in Penning traps [15, 16]. In the high-power
laser community, electron-positron jets have been pro-
duced during the interaction of a high energy (EL ≈ 10
kJ) laser pulse with a metallic foil [17]. Despite the intrin-
sic interest of this experimental work, the non-neutrality
of the jet, the relatively low density (collisionless skin
depth much larger than the beam size, forbidding collec-
tive effects to occur), or the broad divergence are still
limiting factors towards the application of this source
for the experimental study of the dynamics of electron-
positron plasmas. Only by using ultra-high power lasers
(PL = 10 PW), it has been recently theoretically pre-
dicted that neutral and dense electron-positron plasmas
can be created [18]. However, this power is still an or-
der of magnitude higher than what currently available
in state-of-the-art laser facilities, even though projects in
this direction are currently underway [19].
By adopting an experimental setup similar to what
used in Ref.[20], we report here on the first generation in
the laboratory of high density electron-positron beams
that present overall charge neutrality. Their low diver-
gence (θe/p ≈ 10 -20 mrad), high average Lorentz factor
(γe/p ≈ 15), and high density (ne/p ' 1015cm−3) are
ideal for their application in the laboratory study of as-
trophysical jets. The collisionless skin depth in the beam
is found to be lower than the beam transverse size, clear
indication that collective (i.e. plasma-like) behaviour in
the beam is likely to occur. Finally, we demonstrate that
the positron percentage in the jet can be finely tuned
from 0% (purely electronic beam) up to 50% (purely neu-
tral pair jet), allowing for a full parametric space study
of the properties of this exotic state of matter.
The experiment (shown schematically in Fig. 1.a) was
carried out using the ASTRA-GEMINI laser system at
the Rutherford Appleton Laboratory [21], which deliv-
ered a laser beam with a central wavelength λL = 0.8 µm,
energy on target EL ≈ 15 J and a duration of τL = 40
fs. An f/20 off-axis parabola focussed this laser beam
[focal spot Full Width Half Maximum of (27 ± 3)µm]
onto the edge of a 20 mm wide supersonic He gas-jet,
doped with 3.5% of N2. A backing pressure of 45 bar
was found to be optimum in terms of maximum electron
energy and charge of the accelerated electron beam as
resulting from ionization injection [22] in the gasjet. Op-
tical interferometry of the laser-gasjet interaction indi-
cates this gas-pressure to correspond to a plasma density
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Figure 1. a. Sketch of the experimental setup. The laser-wakefield accelerated electrons (green spheres) impact onto a solid
target, initiating a quantum electrodynamic cascade involving electrons, positrons (red spheres) and photons (blue sinusoids).
The escaping electrons and positrons are separated and spectrally resolved using a magnetic spectrometer (details in the text)
and a pair of LANEX screens. Plastic and lead shielding was inserted to reduce the noise on the LANEX screens as induced
by both the low-energy electrons and gamma-rays generated, at wide angles, during the laser-gas and electron-solid target
interactions. b. Typical measured spectra of the electron beam without the solid target. Dashed blue lines depict single-shot
electron spectra, whereas the solid red line is an average over ten consecutive shots. c. Typical positron signal, as recorded by
the LANEX screen, for 0.5 cm of Pb. The white dashed lines depict the projection of the magnet gap, whereas the grey dashed
lines depict the position of 0.2, 0.5 and 1 GeV positrons on the LANEX screen.
of npl = 5 × 1018 cm−3. This interaction produced a
reproducible electron beam (shot-to-shot fluctuation in
charge and maximum energy below 10%) with a broad
spectrum with maximum energy of the order of 600 MeV,
half-angle divergence of 2 mrad and an overall charge of
(0.3 ± 0.1) nC, corresponding to (2.0 ± 0.6) × 109 elec-
trons (see Fig. 1.b for typical electron spectra and their
average). This electron beam was then directed onto a
Pb solid target of different thicknesses (0.5, 1, 1.5, 2, 2.5,
3, and 4 cm, covering multiples of the radiation length
for Pb, Lrad ≈ 0.56 cm [20]).
The propagation of an ultra-relativistic electron beam
through a high-Z solid target is expected to trigger a
quantum electrodynamic cascade, whose fundamental
steps depend on the ratio between the target thickness
(d) and the radiation length of the material (Lrad). In its
most basic configuration, it includes γ-ray generation via
bremsstrahlung [23], and electron-positron pair produc-
tion via the Bethe-Heitler process [24]. Direct electro-
production (a virtual photon in the electron field de-
caying into a pair once in the electromagnetic field of
a nucleus [25]) can be neglected, since it is dominant
only for dLrad < 10
−2 [25]. For solid targets of suffi-
cient thickness, populations of electrons, positrons, and
high-energy photons are thus expected to escape from
the rear surface, once an ultra-relativistic electron beam
interacts with it. In order to separate and spectrally re-
solve the electrons and positron populations escaping the
solid target, a 10 cm long, 0.8 T pair of magnets with a
1cm separation and two LANEX screens were inserted
(see Fig. 1.a). This arrangement allowed particle ener-
gies from 120 MeV to 1.2 GeV to be resolved and had an
acceptance angle of θA ≈ 8 mrad. The LANEX screens
were cross-calibrated using Image Plates, whose absolute
calibration is reported in Ref. [26].
A scan in target thickness was performed in multiples
of its radiation length (0.5, 1, 1.5, 2, 2.5, 3, and 4cm
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Figure 2. Typical positron spectra obtained during the experi-
ment (solid lines) compared with what obtained from FLUKA
simulations (dashed lines) for d = 5 mm (a.), d = 2 cm (b.),
and d = 4 cm (c.). In this latter case, also the spectrum of
the electrons escaping the target is plotted. Its similarity with
the positron spectrum is a clear indication of the generation
of a neutral electron-positron pair beam.
3given that the radiation length for Pb is Lrad ≈ 0.5 cm).
and the obtained positron spectra are depicted in Fig. 2.
All spectra are in good agreement with the ones resulting
from matching simulations using the Monte-Carlo scat-
tering code FLUKA, which accounts for electromagnetic
cascades during the passage of an electron beam through
a solid target [27]. For these simulations, 106 electrons,
with a spectral shape as illustrated by the solid red curve
in Fig. 1.b, were used. Every numerical result is ob-
tained by averaging five identical runs, in order to mini-
mize any stochastic error arising from the pseudo-random
seed generator of the code. A maximum positron energy
of EMAX = 600 MeV is obtained for d ≈ Lrad (i.e. 5mm,
see Fig. 2.b), whereas a maximum positron yield is ob-
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Figure 3. a. Measured (blue circles) and simulated (red
crosses) number of electrons (Ee > 120 MeV) as a function
of the Pb thickness. The green dashed line represents the
analytical prediction (discussed in the text). b. Measured
(blue circles) and simulated (red crosses) number of positrons
(Ep > 120 MeV) as a function of the Pb thickness. The green
dashed line represents the analytical prediction (discussed in
the text). c. Percentage of positrons in the leptonic jet:
measured (Ee > 120 MeV, full blue circles), simulated (Ep >
120 MeV, red crosses) and analytical prediction (green dashed
lines). FLUKA simulations indicate that the overall number
of relativistic electrons and positrons (Ee ≥ 1 MeV) behave
in a similar manner. The percentage of positrons in the beam
reaches 50% for d > 2.5 cm ≈ 5Lrad
tained for d ≈ 2Lrad. For thicker targets, the maximum
energy gradually decreases as it should be expected due
to increased probability of energy loss during the prop-
agation of the generated positrons through the rest of
the solid target. For a similar reason, a thicker solid tar-
get allows a lower number of electrons and positrons to
escape it. This is quantitatively shown in Fig. 3.
In order to quantitatively justify the observed trends,
we have developed a simple analytical model for a quan-
tum electrodynamic cascade within the solid target in-
volving only electrons, positrons, and photons at ener-
gies much larger than the electron rest energy me (units
with h = c = 1 are assumed). The only processes to be
included here are the emission of photons by electrons
and positrons via bremsstrahlung and the creation of an
electron-positron pair by a photon, both processes occur-
ring in the field of a heavy atom. We thus neglect ad-
ditional electron and positron energy losses as resulting,
for instance, from Compton scattering with the electrons
of the atoms and from the ionisation of the atoms them-
selves. This model (see Supplementary Material) is able
to reproduce the experimental trends well (dashed green
curves in Fig. 3 of the manuscript), provided that a con-
stant re-scaling factor of 3/4 is adopted for the absolute
yield of both the electrons and positrons. This overes-
timate is easily understood, as the latter does not take
into account a number of energy loss mechanisms, such
as Compton scattering and the ionisation of atoms [28].
Let us now consider what is the fraction of positrons
in the leptonic jet [Np/(Ne + Np)] as a function of the
target thickness (plotted in Fig. 3.c). For d ≈ Lrad the
positrons account for approximately 10 - 20 % of the
overall beam, due to the fact that most of the primary
electrons are able to escape the target (consistently with
the results reported in Ref. [20]). However, as we in-
crease the target thickness, this ratio increases up to a
point were the positrons account for almost 50% of the
leptonic jet (d ≥ 2.5cm, see Fig. 3.c). In this case, not
only the integrated number of electrons and positrons is
similar, but also their spectrum (see Fig. 2.d), further
indication that almost all the electrons and positrons es-
caping the target arise from pair production. It is also
worth noting that charge neutrality is preserved if the
target thickness is increased: however, the density of the
electron-positron beam decreases due to further scatter-
ing of the generated pairs within the rest of the solid tar-
get. We thus focus our attention on d = 2.5 cm. For this
target thickness, the overall number of relativistic elec-
trons and positrons is of the order of 109, respectively
(see Fig. 4), the average Lorentz factor is of the order of
γe/p ≈ 15, and the divergence is energy-dependent (see
Ref. [29]) but in the range of θe/p ≈ 10 − 20 mrad, as
indicated by matching FLUKA simulations.
Collective (i.e., plasma-like) effects are likely to occur
in the beam only if the beam size DB is larger than the
collision-less skin depth (le ≈ c/ωprop, being ωprop the
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Figure 4. a. Number of relativistic electrons (green crosses)
and positrons (brown circles) in the beam as a function of
the thickness d of the solid target. b. Density of relativistic
electrons (green crosses) and positrons (brown empty circles)
as a function of the thickness d of the solid target. The solid
lines represent the density in the laboratory reference frame
whereas dashed lines represent the beam proper density. A
neutral electron-positron plasma is obtained for d ≥ 2.5 cm.
relativistically corrected plasma frequency). The beam
density is determined by the temporal duration of the
beam (that relates to its longitudinal extent) and its
transverse size. We assume that the electron-positron
beam retains the same duration as that of the primary
electron beam. This is of the order of the plasma pe-
riod in the gas-jet [30]: τpl[fs] ≈ 1011npl[cm−3]1/2 ≈ 40,
(npl = 5 × 1018 cm−3 is the plasma density in the gas-
jet once fully ionised), leading to a longitudinal extent
of llong ≈ cτpl ≈ 12µm. On the other hand, FLUKA
simulations indicate, for d = 2.5 cm, a transverse size of
the beam, at the exit of the solid target, to be DB '
220 µm. Using the experimentally determined number
of electrons and positrons, the density in the laboratory
frame is measured to be ne/p = 8×1015 cm−3 , while the
average Lorentz factor of the beam is γe/p ' 15 (proper
density nprop = ne/p/γe/p ' 5 × 1014 cm−3). Using
these parameters, we obtain le ' 200 µm < DB ; col-
lective (i.e., plasma-like) effects are likely to occur in the
beam. From Fig. 3 it is evident that the beam density
can be increased for lower target thickness, although at
the expense of charge neutrality. However, the ability to
fine tune the percentage of positrons in the beam, rang-
ing from 0% (purely electronic beam) to 50% (neutral
electron-positron beam), makes parameter space studies
a possibility.
A phenomenon widely thought to play a key role in
the dynamics of an astrophysical jets is the generation of
turbulent electromagnetic fields by the onset of current-
driven instabilities. Filamentation of the jet, as driven
either internally (interpenetration of faster plasma shells
into slower ones) or externally (interaction of the jet with
the intergalactic medium) is proposed as a possible can-
didate for the generation of long-lived magnetic fields
and acceleration of particles in pulsars and gamma-ray-
bursts. With our source, this and other basic phenomena
in electron-positron plasma physics can now be experi-
mentally studied, providing a tool to test numerical and
analytical models. Assuming our electron-positron beam
to be cold (Te−/e+ ≈ 0), the growth rate for filamen-
tation instability during the propagation through a low-
density electron-ion plasma is given by: Γfil ≈ ωei
√
2/γb
[9, 10], being ωei the electron plasma frequency of the
electron-ion plasma. Considering γb ≈ 15 and the den-
sity of the electron-ion plasma to be nei ≈ 1015cm−3,
we obtain Γfil ≈ 6.5 × 1011 Hz, implying a character-
istic time for the instability to develop of the order of
τfil = 2pi/Γfil ≈ 10 ps. This corresponds to a longitudinal
extent of the electron-ion plasma of the order of 3mm.
Numerical simulations indicate, in the initial instants of
the instability, that up to 10% of the average particle
energy in the beam can be transformed into electromag-
netic fields; once saturation is reached, this value drops
to approximately 1% [10]. It is worth to notice that this
is similar to what expected for gamma-ray-bursts (0.1
- 1%) [31]. The ratio between magnetic energy density
and bulk energy density in the beam can be expressed
as : P = B
2/(4piγbnbmec
2). For our beam, the bulk
energy density is of the order of 1012 erg cm−3 implying,
for P ≈ 1%, a magnetic field of the order of MegaGauss,
easily measurable in the laboratory by adopting, for in-
stance, plasma imaging techniques such as proton radio-
graphy [32]. The propagation of our electron-positron
plasma through an electron-ion plasma with a longitudi-
nal extent of a cm, as easily attainable in modern laser-
plasma laboratories, would then allow for the study of
filamentation and subsequent magnetic field generation
in the linear and saturation regime.
In conclusion, we report on the first creation of a
neutral electron-positron plasma in the laboratory. Its
charge neutrality, high density, high energy, and narrow
divergence are the key features that will open the pos-
sibility of the laboratory study of pair plasmas, helping
to unveil the dynamics of this exotic state of matter and
contributing towards our understanding of high-energy
astrophysical objects. The authors are grateful for the
support of the Central Laser Facility staff. The work
was partially supported by the funding schemes NSF CA-
REER (Grant 1054164) and NSF/DNDO (Award No.
F021166), and by the Leverhulme Trust (Grant: ECF-
52011-383).
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